Evidence is accumulating to support the view that substantial and characteristic portions of many proteins exist in the a-helical configuration.'-3 Indeed, optical rotatory and infrared spectral studies strongly suggest that this is the only widely occurring, periodic structure in proteins. This evidence has been obtained largely by using synthetic polypeptides, whose configuradions could be varied and accurately ascertained, to calibrate the physical methods which are configurationsensitive.
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The two water-soluble polypeptides that have been studied from the configurational point of view have been found to exist as complete a-helices when their charge has been sufficiently reduced. Thus poly-i-glutamic acid4'5 becomes helical below pH 4.5 and poly-L-lysine above pH 10.5.6 In the neutral range of pH, both these polypeptides exist as structureless, randomly coiled chains.
It is evident, therefore, that the next step in an effort to mimic protein structure, and perhaps function, in synthetic polypeptides requires the synthesis of polypeptides that will exhibit some helical configuration in the neutral pH range. For this reason, equimolar copolymers of L-lysine and L-glutamic acid have been made because it seemed likely that in this case the local charge density would be sufficiently reduced to permit the a-helix to exist in the pH range near neutrality. This is a preliminary report on the configurational properties of these copolymers from which it will be seen that this expectation has been borne out to some extent. Polypeptides similar to these have been investigated by Blout and Idelson with special reference to compositional effects and are being reported concurrently.7 Previous to this, the only work on this kind of copolymer has been that of Shavit," who made an electrophoretic study of copolymers of L-aspartic acid and L-lysine.
Synthesis.-This study is limited to equimolar copolymers of L-lysine and Lglutamic acid. These were prepared by first copolymerizing the N-carboxyanhydrides of e-carbobanzoxy-L-lysine and 'y-benzyl-L-glutamate followed by removal of the protecting groups. Since the rates of polymerization of these two Ncarboxy-anhydrides are different, it is to be expected that the incorporation of one residue will be greater than the other in the early part of the chain growth and the reverse will be the case in the later stages. The early results obtained in a study of the polymerization kinetics of this system by R. Salovey in this laboratory have helped us minimize but not eliminate this effect. From his results we were able to choose conditions in which the anhydride consumption was linear throughout the observable region of the reaction. Fulfilling this condition insured that excessive clustering of each type of residue was avoided but the precise degree to which we approached randomness of sequence must be left until the completion of Salovey's work.
The procedure adopted consisted of polymerizing the N-carboxy-anhydrides of ,y-benzyl-L-glutamate and E-carbobenzoxy-L-lysine'0 at a total concentration of 4 g. per 100 cc. in dimethyl-formamide. Sodium methoxide, at a concentration of 0.5 mol per cent relative to the N-carboxy-anhydrides, was used to produce copolymers with molecular weights of about 100,000.
The product was precipitated with water, dissolved and lyophilized from dioxane, and converted to copoly-L-glutamic acid-L-lysine hydrobromide by stirring in glacial acetic acid saturated with dry hydrogen bromide and allowing to stand at 0°0°C . for about eight hours." This product was precipitated with ether, redissolved in methanol, precipitated with ether, dissolved in water and dialyzed against water. The resulting solution was shown to have no absorption in the 2580 A region showing that the protecting aromatic groups had been completely removed. Concentration was determined by nitrogen analysis, assuming 16.3 per cent N.
Characterization.-The polypeptide produced in this manner exhibited uniform solubility behavior only if they were first exposed to alkaline pH, e.g., pH 13, for several hours. When so treated they were completely soluble at all pH's provided the ionic strength was not too low (--0.1 M NaCl). In water or very low ionic strength some samples developed visible turbidity in the pH range 4.5 to 9.5. We adopted a standard procedure of alkaline treatment and used 0.15 M NaCl as a solvent.
When examined near pH 7 in 0.15 M NaCl, the samples were found to display a single peak in electrophoresis and sedimentation. In electrophoresis the reversal of the direction of migration occurred within 0.2 pH units and was located very close to 7.0. The amount of spreading during electrophoresis at the isoionic point was less than that for -y-globulin.
The intrinsic viscosities of the copolymers were about 0.30 when determined ill 0.15 41 NaCl near neutrality. For example, at this ionic strength and pH 6.2, one sample had an intrinsic viscosity of 0.25 and a sedimentation constant, , of 1.93S. Using a partial specific volume of 0.74 and a value of 2.6 X 106 for the constant in the Flory-Mandelkern equation, these data lead to a molecular weight of 36,000.
Equilibrium Behavior as a Function of pH.
-If the configurational possibilities of the polypeptide chain are limited to the a-helix and the random coil, the relative proportions of these can be estimated from the specific rotation and more accurately assessed from the rotatory dispersion.'-' The specific rotation at 0.15 ionic strength as a function of pH is shown in Figure 1 . For reference the corresponding behaviorofpoly-L-glutamic acid' and poly-L-lysine6 are included. It is seen that the helical content of the copolymer is a maximum in acidic conditions, drops in the neutral range, and diminishes further in alkaline solution. Rotatory dispersion measurements place the helical content at 50 per cent in acidic solution (b0 -3310, a,) = 435), 15 per cent at pH 7 (b0 = -100,aH = 120) and zero at pH 12.
VO)L. 44, 1958 With the nearly symmetrical behavior of poly-L-glutamic acid and poly-L-lysine with regard to helix formation as a function of pH, it is at first surprising to find a complete lack of symmetry about neutrality in the helical content of the copolymer. However, the explanation for this appears to reside in the observation that the poly-ilysine helix is indeed weaker than the poly-L-glutamic acid helix and will not support as high a charge density.6 It seems likely that hydrogen bonding between pairs of glutamic acid residues on adjacent turns of the helix may provide the addi- ever, at pH 7 the helical configuration does not exist in 8 M urea. The remaining equilibrium property of the copolypeptide to be reported is its equilibrium titration curve. Initial attempts to determine the titration curve were frustrated by significant downward drifts of pH, particularly above pH 8. These drifts were accompanied by decreases in specific rotation as well. Fortunately, it was found that this behavior was eliminated after exposure to pH 13. By using a stock solution of the copolypeptide that had been exposed for several hours to pH 13 the titration curve shown in Figure 2 Figure 2 . The small differences between these specific rotations and those in Figure 1 are due either to differences in the samples used or to failure to attain complete equilibrium in the former case. The apparent pK's obtained from the titration curve are 4.5 and 10.5, in good agreement with the values generally assigned to glutamic acid and lysine in peptides and proteins containing these residues.
Apparent Metastable States. Solutions of the copolymers that had not been exposed to alkaline pH exhibited to varying degrees two types of behavior, aside from those mentioned above, that seemed to merit a little further investigation. The first of these was the precipitation that occurred upon the addition of alkali. second was the maintenance of the specific rotation characteristic of acidic solutions, i.e., ---500, all the way up to pH 9 or 10 under some conditions. When this was displayed, the solutions tended to be cloudy, requiring centrifuging prior to making observations. The first of these, the temporary precipitation upon the addition of alkali, was not very troublesome because the precipitate always redissolved on standing for a few hours. Since the fraction of material precipitated increased sharply with concentration and since this behavior was reminiscent of the alkaline denaturation of proteins that has been ascribed to the formation of the f-form-that is, the intermolecularly hydrogen-bonded form-we attempted to find out whether the precipitated material did indeed have the f-configuration.
Fortunately, the carbonyl amide I band characteristic of the f-form had just been tentatively identified in D2O solution in a study of poly-L-lysine.6 It occurs at 1610 cm.-1 and is well separated from the neighboring band at 1640 cm.-' Infrared spectra were taken in D2O solution immediately following addition of alkali and a few hours later when the precipitate had redissolved. The resulting spectra are shown in Figure 3 . It is seen that the 1610 cm.'-band is predominant in the initial spectra and has vanished in the final spectra. Subject to final proof that the 1610 cm.1-band has been properly identified, the origin of the precipitate and a corresponding cloudiness that develops in more dilute solutions are due to the formation of the (3-configuration. This is a metastable state and eventually goes over to the randomly coiled, dissolved polypeptide chains. However, if more uncharged groups were present, it is very probable that the 3-form would be stable and that the correspondence with the alkali denaturation of proteins would be complete.
The The behavior described here is eliminated by exposure to pH 13 for 24 hours or more. That is, when an alkali-treated solution is dialyzed against 0.001 M HCl and then lyophilized, the sample dissolves directly in neutral saline and, upon stepwise addition of alkali, yields stable pH and specific rotation values. The interactions which give rise to this metastable state have not yet been established, although it is clear that the pH 13 treatment does remove a 1725 cm.'-band from the infrared spectrum in D20 and releases glutamic groups for titration. This evidence is compatible with either hydrogen-bonded pairing of glutamic acid groups or the existence of some methyl ester groups, formed while in methanol solution, which would influence the helix stability in some manner as yet unknown. It appears likely that the existence of some methyl ester groups and their subsequent alkaline hydrolysis is the more likely explanation of the behavior described in this section as well as the turbidity development and pH drifts mentioned earlier. If the methanol step is avoided such effects are not found nor has it been possible to reintroduce them into alkaline-exposed copolymers without going through the methanol solution step. Such groups would provide an explanation of the temporary stability of the d-form since they would decrease solubility and the gradual resolution of the copolymer would be due to their gradual hydrolysis at pH 12. The way in which such ester groups would account for the preservation of considerable amounts of helical configuration in neutral and mildly alkaline solution is not so clear, but it may lie in their ability, through their hydrophobic character, to exclude water from the core of the helix.
Behavior in Organic Solvents.-It has already been observed that proteins seldom take up their maximal helical configuration in aqueous solution but that some organic solvents do make this possible." 2 Although ethylene dichloride was originally employed for this purpose, we have found 2-chloroethanol to be more useful because it is a solvent for a wider range of proteins. In this solvent, the copoly-Llysine-L-glutamic acid is found to be completely helical, as expected. Its specific rotation, [a ]D, is +12. Its rotatory dispersion constants are: bo = -636 and ao = 871. These constants are intermediate in value between the corresponding constants for poly-L-glutamic acid and poly-L-lysine. In the infrared spectrum the carbonyl amide I band is very sharp and located at 1655 cm. -1.
Much more strongly hydrogen-bonding organic solvents have been found to solvate polypeptides and proteins completely, thereby causing their configuration to be that of structureless randomly coiled chains." 2 Trifluoroacetic acid is such a solvent, and in it the copolymer displays the expected, randomly coiled configuration. The value of [a!]D is-94' and bo is zero. Trifluoroacetic acid has the very useful property of being partially transparent in the region of the carbonyl amide I band. The frequency of this band in this solvent is found to be 1635 cm.-1. This is sufficiently removed from the frequency characteristic of the helical configuration to permit an accurate estimate of the helical content to be made from the relative intensities of these two bands. The development and application of this method are being reported elsewhere."
Having found that the two principal configurations of the polypeptide chain exist in pure form, one in chloroethanol and the other in trifluoroacetic acid, it is of interest to see how the transition between these two forms takes place as the solvent composition of the mixture of these two solvents is varied. It is already known that pure polypeptides show a very sharp transition in such an experiment. 16 With this copolymer, made of two residues that appear to make different contributions to helix stability, it may be expected that the transition is spread out over a broader range of solvent composition. This is seen to be the case in Figure 4 , where the specific rotation is plotted as a function of solvent composition. The ordinate is proportional to helical content. The same behavior is obtained if the helical conVol.. 44, 1958 tent derived from infrared spectra, as indicated above, is plotted against solvent composition. Thus the expected heterogeneity of helix stability is confirmed. It is interesting to compare this result with a typical protein, whose display of the helix-coil transition is not blocked by cystine cross-links. The result of similar measurements with such a protein, ovalbumin, is included in Figure 4 . partial solubility in water, downward drifts in pH, and specific rotation and hysteresis in alkaline titration. In extreme cases this form maintains the helical content characteristic of acid solutions (50 per cent) all the way up to pH 10. This behavior appears to be due to the blocking of some glutamic acid residues in such a way as to resist titration until the pH is raised beyond 9 or 10. These features disappear after the sample is exposed to pH 13, and thereafter only equilibrium properties are observed. Following such treatment, the expected titration curve is obtained, and in electrophoresis the boundary is sharp and reverses its direction of migration at pH 7.
